Porous adsorbents are currently investigated for hydrogen storage application. From a practical point of view, in addition to high porosity developments, high material densities are required, in order to confine as much material as possible in a tank device. In this study, we use different measured sample densities (tap, packing, compacted and monolith) for analyzing the hydrogen adsorption behavior of activated carbon fibres (ACFs) and activated carbon nanofibres (ACNFs) which were prepared by KOH and CO 2 activations, respectively. Hydrogen adsorption isotherms are measured for all of the adsorbents at room temperature and under high pressures (up to 20 MPa). The obtained results confirm that (i) gravimetric H 2 adsorption is directly related to the porosity of the adsorbent, (ii) volumetric H 2 adsorption depends on the adsorbent porosity and importantly also on the material density, (iii) the density of the adsorbent can be improved by packing the original adsorbents under mechanical pressure or synthesizing monoliths from them, (iv) both ways (packing under pressure or preparing monoliths) considerably improve the storage capacity of the starting adsorbents, and (v) the preparation of monoliths, in addition to avoid engineering constrains of packing under mechanical pressure, has the advantage of providing high mechanical resistance and easy handling of the adsorbent.
Introduction
The storage of hydrogen and methane (natural gas) has received great attention, since many years ago, because both gases are efficient clean fuels with no carbon emission (hydrogen) and acceptable low carbon emissions (methane). More recently, the storage interest has also reached carbon dioxide in relation to environmental applications (capture and transportation) [1] [2] [3] [4] [5] [6] . Among these three gases, the storage of hydrogen is the most difficult task, due to its special physical and chemical characteristics [7, 8] . Four methods are available to store hydrogen: compressed gas, liquid hydrogen, metal hydrides, and high pressure adsorption on highly porous adsorbents (several MPa to 70 MPa, at ambient temperature or at cryogenic ones) [9] [10] [11] [12] [13] [14] . Among them, the high pressure adsorption process is a promising alternative, presenting advantages such as: short refueling times, fast kinetic of storage and release (reversibility), low heat evolution, and efficient cyclability. Additionally, high pressure adsorption is very much depending on the surface area, porosity and pore size of the adsorbent and there is a large variety of porous solids (e.g., zeolites, highly activated carbons, activated carbon nanotubes, zeolite template carbons, carbide-derived carbons, metal organic frameworks (MOFs) and covalent organic frameworks (COFs)). In all of them, their porosity, surface area, morphology, size and shape are tunable and, hence, able for further improvements.
Since many years ago our research group has been developing highly microporous activated carbons for high pressure adsorption (supercritical gas adsorption for H 2 and CH 4 and subcritical gas adsorption for CO 2 , see for example the chapters in [15] [16] [17] [18] [19] [20] [21] [22] [23] and the references therein). In these works, as well as in most published ones, gas storage (expressed per unit of weight of the material; i.e., on gravimetric basis) correlates well with the adsorbent porosity, although the nature of the gas, the temperature, and the pressure used influence the resulting correlations. Considering that the adsorbent has to be confined in a vehicle tank with limited volume and that the density of the adsorbent depends very much on its porosity, the storage capacity of a given adsorbent should also be reported per unit of volume of adsorbent (i.e., on volumetric basis), as it was pointed out a long time ago (1994) by Chahine et al. [24] .
In our previous works, it was demonstrated that the density of the adsorbent is a critical parameter for hydrogen storage application by physisorption [4] [5] [6] 15, 17, 22, 23, 25] . Thus, the packing density of the adsorbent affects directly the excess adsorption on a volumetric basis. Furthermore, and even more important from an application point of view, the adsorbent density is a key factor which controls the total quantity of hydrogen that can be stored in a given volume [4, 15, 20, 25] . This is especially important for hydrogen storage at room temperature, where the contribution of the compressed hydrogen in the void space is considerable and has to be taken into account [4, 25] .
In the present work, the influence of the adsorbent density is further studied and optimized for hydrogen adsorption at room temperature. As adsorbents, different activated carbon fibres (ACFs), activated carbon nanofibers (ACNFs), and monoliths produced from them are investigated. In the cases of the ACFs and ACNFs different models are considered for filling them in the tank: (i) at atmospheric pressure (tap density), (ii) by packing under mechanical pressure (packing density), and (iii) packing under pressure and releasing it (compacted density). In the case of the monoliths, their densities are obtained from their dimensions, without using any compression. The ACF and ACNF precursors and the monoliths are compared with each other regarding their densities, their porosities, and their hydrogen adsorption isotherms.
Materials and experimental methods
Activated carbon fibres (ACF). Three ACFs, kindly provided by Nippon Kynol Inc., (Gun-Ei Chemical Industry Co., Ltd., Japan), were used: Kynol ACF-1603-15, Kynol ACF-1603-20, and Kynol ACF-1603-25. These ACFs (identified as ACF15, ACF20, and ACF25) were produced from a phenolic resin (novoloid). Additionally, two commercial carbon fibres, provided by Donacarbo at two different carbonization temperatures (1000ºC and 700ºC), were activated with different KOHratios at 1023 K in a chamber furnace, as described elsewhere [26] (samples D10 and D7).
Activated carbon nanofibres (ACNF). An amorphous carbon nanofibre which was prepared by Prof. A. Oya by using his polymer blend technique and spinning [27, 28] , was activated with 100 ml min -1 of CO 2 at 1073 K during 24 h (sample ACNF) [29] .
ACF and ACNF monolith preparation. The monoliths investigated in this study were produced by mixing the carbon fibres or the carbon nanofibres with water and a polymeric binder [29, 30] . The binder was available as a 55 % aqueous solution of polyvinylidene chloride (PVDC) (Waterlink Sutcliffe Carbons, UK). Different binder/carbon material ratios (on a weight basis) were used, but, for space limitation, we are going to analyze only the 1/1 ratio. The binder/carbon mixture was heated at around 363 K for 24 h, and afterwards the dry mixture was ground and introduced into a cylindrical piston mold. The mold was installed in a mechanical press. Here, the mixture was compressed progressively, until reaching an equivalent pressure, corresponding to 3.5 tonne. The mold was then heated up to 413 K and, upon reaching this temperature, the heating device was turned off, and the mold was cooled down by convection before removing it from the press. Finally, the obtained monoliths were carbonized under a N 2 flow of 100 ml min -1 in a horizontal tube furnace. The furnace was heated stepwise and with low heating rates of 2 K min -1 , in order to ensure the removal of any gaseous reaction products and to prevent the disruption of the monolith. At 448 K and at 723 K the temperatures were maintained constant for 1 h, and at the maximum temperature of 1023 K for 2 h. Subsequently, the furnace was cooled down by convection.
Porosity characterization. Sub-atmospheric gas adsorption measurements (of N 2 at 77 K and of CO 2 at 273 K) were carried out in a Quantachrome Autosorb 6. Previously, the samples were degassed at 523 K for 4 h under vacuum. The apparent BET surface areas (S BET ) were calculated, and the total micropore volumes (V DR (N 2 )) and narrow micropore volumes (V DR (CO 2 )) were obtained from Dubinin-Radushkevich (DR) equation. In order to get representative samples, the monoliths were crashed, grounded, and mixed previous to their porosity characterization.
Density characterization. The densities of the monoliths (ρ mono ) were obtained from their weight and from their volume, using a caliper rule to measure their diameters and heights. Different densities of the ACF and ACNF samples (ρ) were measured under different conditions in a mechanical press. Thus, a mass of typically 0.5 g of sample was introduced into a cylindrical steel mould with a diameter of 13 mm. A tightly fitting steel piston was introduced into the mould, and the assembly was installed into the press. The tap density (ρ tap ) was measured without applying compacting pressure; thus, it corresponds to the volume which is occupied by the loose sample. The packing density (ρ pack ) was measured while a force, equivalent to the mass of 1 tonne, was applied on the samples via the piston. For a piston diameter of 13 mm, this results in a pressure of 73.9 N mm 2 . The compressed density (ρ comp ) was obtained after removing the applied force. The piston heights were measured with a caliper rule. In order to measure the reference height, a blank measurement without sample was performed. The volume occupied by the sample was calculated by Eq. 1, taking into account the difference of the heights from experiment and reference (∆h), the sample mass (m), as well as the piston diameter (∅).
High pressure hydrogen adsorption. Hydrogen adsorption isotherms at 298 K and up to 20 MPa were measured in a fully automated volumetric device which was designed and built at University of Alicante (described in more detail in [26] ) and which is now commercialized by Quantachrome (iSorbHP1). For the measurements, around 0.5 g of sample were used which were degassed beforehand at a temperature of 423 K for 4 h under vacuum. Hydrogen adsorption amounts on both, gravimetric and volumetric terms, as well as the total H 2 storage amounts were calculated due to the formulas explained in a previous work [25] .
Scanning electron microscopy. For scanning electron microscopy (SEM) a Hitachi S-3000N was used, with an electron acceleration voltage of 20 kV. Secondary electrons were detected by a scintillator-photomultiplier (Everhart-Thornley detector) which has a resolution of 3.5 nm.
Results and discussion
SEM images of ACFs and ACNFs. The morphology and sizes of the three types of activated fibrous carbons used can be seen in Fig. 1 The porosity values (S BET , V DR (N 2 ), and V DR (CO 2 )), as well as the densities of the ACFs and ACNFs used are given in Table 1 . For the ACF15, ACF20, and ACF25 fibres it can be observed that the BET surface areas and total micropore volumes increase accordingly to their nomenclature (ACF15 < ACF20 < ACF25). Thereby, the S BET values are 1200 m 2 g -1 , 1700 m 2 g -1 and close to 2000 m 2 g -1 , and the V DR (N 2 ) values increase from 0.56 cm 3 g -1 to 0.87 cm 3 g -1 . The analysis of the narrow microporosity (assessed form CO 2 adsorption) reveals important differences depending on the sample. As it is expected, the tap and packing densities decrease with the grade of activation. Thus, the tap densities decrease in the order ACF15 > ACF20 > ACF25, from a maximum value of 0.24 g cm -3 down to 0.17 g cm -3 . The packing density follows the same trend, with a maximum value of 0.94 g cm -3 for the ACF15 fibre, and a minimum value of 0.76 g cm -3 for the ACF25 fibre. In general, the Donacarbo fibres have a more developed porosity than the ACNF and Kynol fibres. Thus, D10 and D7 reach BET surface areas of 2260 and 2360 m 2 g -1 , respectively, and total micropore volumes around 1 cm 3 g -1 . The ACNF sample also reveals an interesting porosity which is similar to the ACF25 (i.e., BET surface area close to 2000 m 2 g -1 and a narrow micropore volume of 0.6 cm 3 g -1 ). Table 1 also shows that most of the samples have reasonable high volumes of narrow micropores which are the most suitable for hydrogen adsorption at room temperature [15, 26] , especially the Donacarbo ACFs which reach the highest values (0.7 and 0.8 cm 3 g -1 ). In Fig. 2 , the three different density values (packing, compacted and tap density) of each ACF and ACNF are plotted over the narrow micropore volume, V DR (CO 2 ). It can be observed that for each fibre material, the densities follow the order ρ tap < ρ comp < ρ pack . The densities of the Kynol ACFs cover a larger range than the ACNF and the Donacarbo-based samples. Thus, they have lower tap densities than the latter, but, upon compacting, they reach similar or superior values, meaning that the Kynol fibres can be better optimized by mechanical pressure. In the case of the ACNF and the Donacarbo-based samples it can be observed that their compressed densities are very close to their tap densities. This reveals that these materials have a strong resiliency behavior [29] .
ACF and ACNF monoliths. In Fig. 3 , photographs of the synthesized monoliths are shown. All of them have mechanical stability and can be well managed. Fig. 3(a) , from left to right, shows the monoliths ACF25-M, ACF20-M and ACF15-M which were synthesized from Kynol ACFs. Although all three monoliths were prepared similarly, with a 1/1 PVDC/fibre ratio, some differences can be observed. Thus, more compact and stable monoliths with fewer fissures on their surface can be produced from the less porous activated carbon fibres (i.e., ACF15 and ACF20). The monoliths which were produced from the Donacarbo fibres D10 and D7 are shown in Fig. 3(b) and Fig. 3(c) , respectively, and the monolith produced from the ACNF is shown in Fig. 3(d) . All the prepared monoliths are very stable and have smooth surfaces without flaws or fissures; bright areas which can be observed on the external parts (especially on D7-M) are only superficial and originate from polymer seals used in the mechanical press. The densities and porosity values for all of the synthesized ACF monoliths are compiled in Table 2 and also in Fig. 2 for comparison purpose. Interestingly, the monoliths reach remarkable density (ρ mono ) values. They are lower than the packing densities of the fibrous materials but, in 106 6th Forum on New Materials -Part A general terms, they are higher than the tap and compressed densities of the original ACFs and ACNFs. Such unfavourable, lower density of the monoliths, in comparison with the packing densities, has its compensation: the advantage of being a more realistic value that could easily be achieved under practical conditions in a storage device. The porosity of the monoliths decreases when compared with the values reached by the pristine fibrous materials as it can be seen in Table 2 . A special case is the ACF20-M monolith that gains porosity in relation to its ACF20 precursor. Regarding the narrow microporosity values, the differences between the monoliths are very small. In comparison with the Kynol-based monoliths, the drop of porosity is much more pronounced for the Donacarbo ACFs.
H 2 adsorption at 298 K. Fig. 4 presents, for a selection of samples (7 samples among the 12 studied), the excess hydrogen adsorption isotherms, expressed on a gravimetric basis. The isotherms of the 12 samples have been obtained at room temperature and up to pressures of 20 MPa. From them, the results of Table 3 have been calculated on gravimetric and on volumetric basis, and as the total H 2 storage capacities (THS). Fig. 4 and Table 3 show that the samples have different hydrogen adsorption capacities, depending on their different porosities. It has been well proved [15, 26] that, depending on the adsorption temperature and on the pressure used, the hydrogen uptake depends on the sample properties (i.e., the micropore volume (also the apparent BET surface area) or the narrow-micropore volume). At room temperature and pressures below 20 MPa the gravimetric H 2 excess adsorption is well related to the narrow micropore volume, giving a better relation the lower the pressure is. Fig. 5 plots the hydrogen uptake of the samples of Fig. 4 as a function of their narrow-micropore volumes at three pressures: 4 MPa, 10 MPa, and 20 MPa. We can observe that Fig. 4 : H 2 excess adsorption isotherms on a gravimetric basis obtained at room temperature for a selection of ACFs and ACF monoliths. the relationships are better for lower pressure. Anyway, these reasonable good relationships confirm that, at room temperature and < 20 MPa, the narrow-micropore volume of the adsorbent controls the hydrogen uptake, as it has been pointed out in previous works [4, 6, 15, 26] . Fig. 6 presents, for the same set of samples of Fig. 4 , their volumetric hydrogen uptakes ( Fig. 6a ) and their total H 2 storage (Fig. 6b ), selecting in both cases the packing density or monolith density of the samples. It has to be pointed out that the hydrogen uptake order of Fig. 6 differs considerably of that of Fig. 4 which reveals the importance of the sample density used to assess the samples volumetric and THS uptakes. Furthermore, if the density of the sample used is different from the packing density or the monolith density, the results will be affected.
Thus, in order to further analyze the influence of the density used to calculate the hydrogen uptake, Fig. 7 presents the different volumetric hydrogen uptakes of a given sample (ACNF), using the three densities studied (tap, packing and compressed) and of its corresponding monolith, using its density (ρ mono ). In general, the hydrogen uptakes of the nanofibre-based samples (ACNF and ACNF-M) reach higher gravimetric adsorption amounts than the investigated ACFs of comparable porosities (see Tables 1, 2 and 3) . Thus, ACNF reaches the highest gravimetric value (over 1.2 wt.%), even though it does not have the highest apparent BET surface area. The prepared monolith from the ACNFs (ACNF-M) presents the maximum value among the studied monoliths.
(a) (b) Fig. 6 : (a) H 2 excess adsorption isotherms and (b) total H 2 storage isotherms on a volumetric basis obtained at room temperature for a selection of ACFs and ACF monoliths. The results of the ACFs were obtained, taking into account both, packing and tap densities.
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6th Forum on New Materials -Part A Fig. 7 : H 2 excess adsorption isotherms on a volumetric basis obtained at room temperature for sample ACNF, taking into account its packing, compressed, and tap densities, as well as its monolith (ACNF-M), taking into account its monolith density. Fig. 7 clearly shows that the volumetric hydrogen uptake (which is more important than the gravimetric for storage applications) increases, depending on the density used (ρ tap < ρ comp < ρ mono < ρ pack ). Despite its exceptionally high gravimetric value, the ACNF sample reaches the lowest volumetric adsorption amount when ρ tap is used, due to the low value of the latter. However, due to the high density increment of this material under mechanical pressure, a high value is reached if ρ pack is taken into account. The monolith ACNF-M reaches a value which is higher than those of its precursor (ACNF) if ρ tap or ρ comp are used as adsorbent density, but lower if ρ pack is taken into account. Therefore, Fig. 7 clearly points out the importance to well assessing the density of the sample [4] and of describing the experimental conditions used to measure it. In Table 3 , where the maximum H 2 adsorption amounts, obtained at 298 K and 20 MPa, of the investigated samples are resumed, and, in addition, also the total H 2 storage amounts are presented (calculated with the equations given in [25] ), the monolith D10-M reaches the highest total storage capacity (16.1 g l -1 ) among the studied ACF monoliths. This is achieved by a combination of high gravimetric adsorption amount and density. These findings corroborate the usefulness of monolith synthesis. Thus, it is demonstrated that, instead of using activated carbon fibres as they are, synthesizing monoliths from them can be advantageous for hydrogen storage application.
Conclusions
From the analysis of the hydrogen adsorption results obtained at room temperature up to 20 MPa as function of adsorbate density model used for filling the tank with the adsorbent (tap density, packing density, compacted density and monoliths preparation from different ACFs and ACNFs sorbents), the following conclusions can be reached: (i) The density can be significantly improved by a factor of 4 due to packing of the ACFs under mechanical pressure. However, under practical conditions, packing of the adsorbent may not be feasible, due to engineering constrains. Here, the synthesis of ACF monoliths or ACNF monoliths is beneficial. Furthermore, monoliths provide the additional advantages of high mechanical resistance and easy handling. (ii) Gravimetric H 2 adsorption is directly related to the porosity of the adsorbent, and maximum values over 1.2 wt.% are reached. (iii) Gravimetric H 2 adsorption of the synthesized monoliths decreases with respect to their ACF and ACNF precursors (due to lower porosities); however, in volumetric terms H 2 adsorption increases significantly, due to its dependence on both, porosity and material density and thanks to the higher densities reached by the monoliths. Here, the results for the original ACFs can be significantly increased by monolith synthesis, reaching up to 5.5 g l -1 and total storage capacities of more than 16.1 g l -1 .
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